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Background: Neuropeptides are a diverse category of signaling molecules in the nervous system regulating a
variety of processes including food intake, social behavior, circadian rhythms, learning, and memory. Both the
identification and functional characterization of specific neuropeptides are ongoing fields of research.
Matrix-assisted laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS) analysis of nervous tissues
from a variety of organisms allows direct detection and identification of neuropeptides. Here, we demonstrate an
analysis workflow that allows for the detection of differences in specific neuropeptides amongst a variety of
neuropeptides being simultaneously measured. For sample preparation, we describe a straight-forward and rapid
(minutes) method where individual adult Drosophila melanogaster brains are analyzed. Using a MATLAB-based data
analysis workflow, also compatible with MALDI-TOF mass spectra obtained from other sample preparations and
instrumentation, we demonstrate how changes in neuropeptides levels can be detected with this method.
Results: Over fifty isotopically resolved ion signals in the peptide mass range are reproducibly observed across
experiments. MALDI-TOF MS profile spectra were used to statistically identify distinct relative differences in
organ-wide endogenous levels of detected neuropeptides between biological conditions. In particular, three distinct
levels of a particular neuropeptide, pigment dispersing factor, were detected by comparing groups of preprocessed
spectra obtained from individual brains across three different D. melanogaster strains, each of which express different
amounts of this neuropeptide. Using the same sample preparation, MALDI-TOF/TOF tandem mass spectrometry
confirmed that at least 14 ion signals observed across experiments are indeed neuropeptides. Among the identified
neuropeptides were three products of the neuropeptide-like precursor 1 gene previously not identified in the literature.
Conclusions: Using MALDI-TOF MS and preprocessing/statistical analysis, changes in relative levels of a particular
neuropeptide in D. melanogaster tissue can be statistically detected amongst a variety of neuropeptides. While the data
analysis methods should be compatible with other sample preparations, the presented sample preparation method
was sufficient to identify previously unconfirmed D. melanogaster neuropeptides.
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Neuropeptides are a large and diverse class of signaling
molecules that affect numerous processes, including behav-
ior, development, heart rate, metabolism, and reproduction
[1,2]. These peptides, mostly exerting their role by acting
upon G-protein coupled receptors [3], can function as clas-
sical hormones, localized neurohormones [4], at muscles
and glands, and synaptically, where they can modify the
postsynaptic response to classical, fast-acting neurotrans-
mitters [5]. Studies of neuropeptide function that cross a
wide variety of aspects of behavior and development have
been particularly productive in the model organism Dros-
ophila melanogaster [3,6-14], which benefits from excep-
tional genetic manipulation tools developed for the study of
the molecular mechanisms of development and behavior.
In model insects such as D. melanogaster, Apis mellifera
(honeybee), and Tribolium castaneum (red flour beetle),
30–40 genes have been consistently identified as encoding
neuropeptides [8,15,16], with each gene product potentially
producing multiple different mature neuropeptides. To
become active, neuropeptides often require multiple
post-translational modifications, such as proteolysis and
amidation, which are difficult to infer from a genome and
necessitate that putative neuropeptides be directly identi-
fied in organisms, often using mass spectrometry-based
methods. Bioinformatics studies have predicted as many
as 156 neuropeptides encoded by 33–119 putative neuro-
peptide genes in D. melanogaster, and a total of 76 neuro-
peptides from 21 genes have been detected experimentally
[3,17]. The sensitivity of MS-based methods has allowed
for detection and identification of neuropeptides from
specific nervous system regions and cellular populations
across the developmental lifespan of D. melanogaster
[1,6,7,9,18,19] permitting precise temporal and spatial
localization to be ascribed to various neuropeptides.
While great strides have been made towards compre-
hensive identification of D. melanogaster neuropeptides,
functional characterization is lacking for many. For ex-
ample, the majority of the peptides derived from the
D. melanogaster gene neuropeptide-like precursor 1
(NPLP1) remain “orphaned” without an identified re-
ceptor and/or physiological function [20]. Quantitative
neuropeptidomics provides a discovery tool for ascer-
taining functional significance of neuropeptides, with
goals of monitoring and quantifying changes in levels
of multiple neuropeptides in response to experimental
perturbations such as those eliciting complex behav-
ioral responses. For example, isotope labeling followed
by UPLC-ESI-QTOF has been used to quantify ~50 of
known Apis mellifera brain peptides in the context of
foraging, revealing molecular connections between the
regulation of food intake in individual insects and this
social behavior, as well as distinctions between nectar
and pollen gathering [21]. Isotopic labeling from extractsusing MALDI-TOF MS combined with direct tissue
MALDI imaging has been used to provide complemen-
tary information regarding changes in the expression
of an array of neuropeptides during feeding in both the
brain and pericardial organ of the crab Cancer borealis
[22]. A label-free LC-Orbitrap approach was employed
to analyze extracts from hypothalamus and striatum
from rats, using higher-energy collision dissociation and
electron transfer dissociation fragmentation to identify
more than 1700 endogenous peptides, revealing upregula-
tion of orexigenic and anorexigeneic neuropeptides in ani-
mals fed on a high-fat/high-sucrose diet [23]. Direct access
to quantitative neuropeptidomics techniques, however, is
often limited to laboratories equipped with a considerable
array of specialized instrumentation, reagents, and per-
sonnel, preventing these methods from being more
routinely utilized by those studying D. melanogaster devel-
opment and behavior. Thus, we sought to develop a rapid
method for performing differential expression neuropepti-
domics studies utilizing D. melanogaster that does not re-
quire specialized reagents or advanced MS instrumentation.
Furthermore, we wanted to present a data analysis work-
flow utilizing software that could preprocess and statistically
analyze MS data regardless of instrument manufacturer.
Here we present a D. melanogaster sample preparation
method that, when analyzed with matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS), reliably detects an abundance of
ions in the peptide mass range, 14 of which we subse-
quently confirmed by MALDI-TOF/TOF tandem mass
spectrometry (MS/MS) to be D. melanogaster neuropep-
tides. Amongst the neuropeptides we identified by MS/
MS fragmentation were three peptides derived from the
NPLP1 gene not identified previously in the literature.
Utilizing a MATLAB-based spectra preprocessing work-
flow, we demonstrate the ability to statistically detect
differences in the expression of a specific neuropeptide,
amongst all the ions we simultaneously observe, without
isotopic labeling using MALDI-TOF MS.
Results and discussion
Straight-forward on-target peptide extraction provided
adequate signal quality for MALDI-TOF MS profiling as
well as targeted MALDI-TOF/TOF MS/MS
We set out to develop a sample preparation strategy for
comparing neuropeptidomes from D. melanogaster that:
could be performed in minutes, thus preserving labile
biomolecules; could detect a large number of ions simul-
taneously, ideally with abundant enough signal to confi-
dently identify using MALDI-TOF/TOF MS/MS; did not
require extensive utilization of specialized reagents or
equipment beyond a standard benchtop MALDI-TOF
MS (at least for detection); and that utilized, ideally, only
a single fly brain as an individual sample for statistical
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consisted of dissection of individual D. melanogaster
brains followed by their direct placement onto a steel
MALDI target, an on-target wash, and matrix applica-
tion. As a dissection medium, a modified dissection sa-
line consisting of 7.5 g/L NaCl, 0.2 g/L KCl, 0.2 g/L
CaCl2, and 0.1 g/L NaHCO3 in MilliQ water (pH 7.2) [6]
was chosen as it yields a high number of detected ion
signals and a relatively low baseline compared with dis-
section solutions with higher concentrations of salts. So-
lutions of fructose [24], Tris, and ammonium bicarbonate
were evaluated as wash steps at various concentrations,
with 100 mM ammonium bicarbonate producing the most
abundant number of ions detected in the peptide mass
range. Included in the detectable peaks with this sample
preparation was m/z 1972.0, which we believed and later
confirmed was the neuropeptide pigment-dispersing factor
(PDF). This relatively low abundance peptide was used in
subsequent experiments (see below) to demonstrate that
known differences in relative levels of neuropeptides could
be detected with this technique. With the ammonium bi-
carbonate wash, however, excess ammonium bicarbonate
on the MALDI target after drying from the wash and sub-
sequent matrix deposition was occasionally observed,
which can interfere with homogenous crystallization of
MALDI matrix and decrease the quality of acquired spec-
tra (~10% of spectra). Alternatively, we found washing by
dipping the brain in ammonium bicarbonate after dissec-
tion, but prior to placement on the MALDI target, as an
alternative to the on-target wash. Data shown in the pro-
filing experiments comparing flies with varying of PDF
were acquired from samples prepared with the on-target
wash, with spectra only acquired from samples that were
not contaminated by excess ammonium bicarbonate.
Finally, various concentrations of 2,5-dihydroxybenzoic
acid (DHB) and α-cyano-4-hydroxycinnamic acid (CHCA)
were tested, ranging from 10–50 mg/mL and 5–10 mg/mL,
respectively, as a matrix for MALDI-MS analysis, with
10 mg/mL CHCA providing the most reliable and highest
quality spectra in terms of number of peaks with signal-to-
noise (S/N) ratios greater than 6. During MS acquisition
we noted that the entire crystalline matrix surface across a
given spotted sample on the target did not yield homoge-
neous spectra. Specifically, both the surface of the brain it-
self and the edges of the MALDI spot yielded poor S/N
ratios, leaving a “halo” region of high S/N spectra around
the tissue (Additional file 1: Figure S1), consistent with
what has long been observed in MALDI analyses of bio-
logical peptides from tissue samples [25]. We attempted to
improve homogeneity by trituration of the matrix solution;
by homogenizing the brain on-target using a pipette tip or
pressing with a cover slip; and by using a microcentrifuge
tube homogenizer, but all of these procedures resulted
in reduced S/N spectra. Overall, minimal mechanicalperturbation of the brain was found to be important for
achieving optimal quality spectra from single brains. Spec-
tra of homogenized samples could be improved using a re-
versed phase “ZipTip,” but this required ~20 brains and
added an additional step. As a result of the lack of MALDI
spot homogeneity, we cannot be sure that peptides from all
regions of the brain are extracted with identical efficiency.
While this might prevent analysis of specific neuropeptides
using this method, our primary goals of being able to detect
simultaneously a variety of neuropeptides from various re-
gions of the brain (as well as determine distinct differences
in the levels of these neuropeptides when making experi-
mental comparisons, with particular focus on PDF, as de-
scribed below) were achieved.
Overall, raw spectra acquired with the final method
yielded spectra with 37 ± 9.6 (mean ± S.D.) isotopically
resolved peak distributions of S/N greater than 6 within
the m/z 900–4000 range prior to any preprocessing
(Figure 1A). Of importance was the ion signal at m/z
1972.0, confirmed in experiments below to correspond
to the monoisotopic [M +H]+ of the neuropeptide PDF.
Using the yellow white (yw, henceforth referred to as WT
or wild-type flies) fly strain as a control strain, the PDF
signal from m/z 1972.0 was often detectable in spectra
from individual fly brains, but often only barely distin-
guishable from noise (Figure 1A inset). To demonstrate
this sample preparation technique could be used in a dif-
ferential neuropeptide profiling experiment to statistically
identify differences in neuropeptide-derived ion signals,
including neuropeptide-derived ion signals with low S/N
ratios like PDF, flies expressing varying levels of PDF were
obtained and analyzed. In particular, the pdf 01 fly strain
[14] (henceforth referred to as “PDF-null” flies) was used
as a mutant strain lacking any expression of mature PDF
and flies overexpressing PDF throughout the adult ner-
vous system (referred subsequently in the text as “PDF
overexpressing” flies) were generated using the GAL4-
UAS binary expression system [26] by crossing the pan-
neuronal elav-GAL4 driver line with a UAS-Drm-pdf line
(see Methods section). Indeed, in spectra from individual
flies, the ion signal corresponding to PDF was never ob-
served in samples from PDF-null flies (Figure 1B), and
was almost always observed with S/N > 6 in spectra from
PDF overexpressing flies (Figure 1C). From this, we deter-
mined an experimental design that would permit changes
in PDF to be statistically identified to validate this sample
preparation method as a means for differential profiling of
neuropeptides.
Preprocessing of spectra permitted statistical
identification of distinct detection levels of ions
corresponding to neuropeptide PDF
The most accurate methods of MS-based quantification
generally involve the use of isotopologue standards [21].
Figure 1 Representative raw spectra from WT flies and flies
lacking expression of, and overexpressing, PDF. A) Spectra
acquired from WT flies included many well resolved peaks with ion
signal at m/z 1972.0 (inset, [M + H]+ of PDF) generally resolvable,
although often with low S/N. B) Spectra acquired from PDF-null flies
were similarly rich in features, but without discernible ion signal at
m/z 1972.0 (inset). C) Spectra acquired from PDF overexpressing flies,
while of overall similar quality to those obtained from WT flies, had
the ion signal at m/z resolved with far greater S/N.
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achieved over a thousand-fold concentration range on a
MALDI-TOF mass spectrometer using isotopic labeling
after careful selection of appropriate data acquisition pa-
rameters [27]. Our method could be adapted to isotope
dilution using any of the strategies demonstrated to
quantify neuropeptides in single neurons or neuron clus-
ters [28]. However, in the current study, we show it is
also possible to detect several distinct levels of expres-
sion of a neuropeptide in a label-free profiling approach
using preprocessed MALDI-TOF MS spectra acquired
from individual D. melanogaster brains. To achieve this,
MALDI-TOF MS spectra from brains of WT flies were
compared to PDF-null flies and PDF overexpressing flies.
All brains were dissected from flies within a two hour
window centered at Zeitgeber time 2 after entrainment
to a 12:12-hour light–dark cycle at 25°C. Within an ex-
periment, fly brains were analyzed individually, with
multiple fly brains per genotype analyzed to permit stat-
istical analysis of differences observed. Two full experi-
ments were performed in order to further analyze the
experimental reproducibility. In one experiment where
the relative expression levels of PDF were compared, spec-
tra were acquired from 10 WT, 7 PDF-null, and 9 PDF
overexpressing D. melanogaster brains. In a second ex-
periment, spectra were acquired from 9 WT, 7 PDF-null,
and 9 PDF overexpressing D. melanogaster brains. Differ-
ences in sample numbers between experiments occurred
due to spectra not being acquired from certain prepared
samples judged to have poor crystallization, potentially
from excess ammonium bicarbonate.
In order to use mass spectra obtained from individual
fly brains for the purposes of differential neuropeptide
expression analysis, a spectra preprocessing workflow
[29] was employed that includes spectrum denoising,
baseline correction, and normalization (see Methods
section for full description of preprocessing). Peaks bins
were then chosen from peaks identified in a total average
spectrum, which was calculated from all spectra (after
preprocessing) acquired across the three conditions
(Figure 2A). Deisotoping criteria was applied in order
to identify isotopically resolved peak distributions from
the peaks detected in the total average spectrum. The
inset of Figure 2A highlights the peak bins that were
considered to be a single isotopomer distribution with
a monoisotopic peak at m/z 1972.0 (i.e. PDF). While
over 300 peaks were identified in the total average
spectra of the two replicate experiments described
here, after applying deisotoping criteria, exactly 57 iso-
topically resolved distributions were identified in either
experiment, with 52 ion masses observed common to
both replicate experiments (Additional file 2: Table S1).
Peak bins corresponding to isotopically resolved ion
signals were used to query across all preprocessed
Figure 2 Overview of spectra acquired within an experiment where changes in ion signals corresponding to PDF were detectable
statistically. A) Total average spectrum used to define peaks detected within an experiment. The isotopic distribution with monoisotopic peak at
m/z 1972.0 is shown in inset. Peak bins detected using our described criteria are highlighted in blue. B) Pseudogel view after preprocessing of all
spectra acquired in a particular replicate experiment. C) Zoomed in pseudogel view at m/z regions containing the isotopically resolved [M + H]+
of IPNamide (monoisotopic m/z 1653.9, left panel) and the [M + H]+ of PDF (monoisotopic m/z 1972.0, boxed off in orange dashed lines, right
panel) and the [M + K]+ of PDF (monoisotopic m/z 2010.0, boxed off in blue dashed lines, right panel). Also seen in right panel is the isotopic
distribution with monoisotopic peak at m/z 1991.0 (boxed off in the dashed magenta lines), corresponding to the truncated and amidated
variant of NPLP13 (QRAamide). Peaks trailing from this distribution observed in the PDF overexpressing flies likely corresponds to the [M + Na]+ of
PDF (monoisotopic m/z 1994.0, marked by an asterisk) which was not resolved enough in the total average spectrum to be detected as a distinct
isotopic distribution. D) Averages of preprocessed spectra within experimental conditions at two m/z regions (red = PDF-null, black = WT, blue = PDF
overexpressing). The [M + H]+ of IPNamide (left, 95% confidence intervals shown to the left of each peak for clarity), which was found not to vary
significantly across conditions (Kruskal-Wallis ANOVA raw p-value = 0.22), is compared with the [M + H]+ of PDF (right), which was detected
to be significantly different across the three conditions (Bonferroni-adjusted p-value = 0.0017).
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Figure 3 Comparison of mean preprocessed ion intensities and
95% confidence intervals between replicate experiments of
WT flies for the fourteen isotope distributions identified by
MALDI-TOF/TOF MS/MS to be neuropeptides. Linear regression
between the mean values of the fourteen isotope distributions gave an
R2 = 0.969. The dashed red line shows where mean intensity values
should be had they been identical between the two repeat experiments.
The dashed purple and blue lines show where the log2 ratio between
two conditions would be 1 or 2, respectively. 95% confidence intervals
in either experiment generally were within 1 log2 ratio.
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nal isotopically resolved in the total average spectrum
was assigned in the individual sample spectra regardless
of whether that signal was detectable in any particular
sample spectrum. Identifying ion signals in a total aver-
age spectrum, as opposed to individual spectra, may re-
duce the sensitivity of feature detection. For example,
ion signals only detectable in a particular set of samples
might be “averaged out” in the total average spectrum.
However, by using a common set of peak bins across all
spectra, some value can be established for every ion sig-
nal for the purpose of statistical comparisons, avoiding a
“missing value” problem for peaks not otherwise “detect-
able” in a given spectrum. Summed deisotoped intensities
were then compared with the non-parametric Kruskal-
Wallis analysis of variance (ANOVA) test (α = 0.01). We
adjusted for multiple comparisons using the straight-
forward and conservative Bonferroni correction.
In the experiment comparing spectra from individual
brains of 10 WT, 7 PDF-null, and 9 PDF overexpressing
D. melanogaster, there was sufficient power to detect
three significant differences between groups, including
the distributions with monoisotopic peaks at m/z
1972.0 (Bonferroni-adjusted p-value = 0.0017, confirmed
by MALDI-TOF/TOF MS/MS to be the [M+H]+ of
PDF), m/z 2010.0 (Bonferroni-adjusted p-value = 0.0014,
inferred to be the [M + K]+ of PDF), and m/z 1203.6
(Bonferroni-adjusted p-value = 0.0099, m/z currently
unassigned). Post-hoc analysis of the PDF species con-
firmed the difference was significant between all three
groups, with levels increasing in the logical order (Tukey’s
least significant difference procedure, α = 0.05). Figure 2C
and D illustrate differences in ion signals corresponding to
PDF compared to ion signal that did not vary significantly,
m/z 1653.9 (Raw p-value = 0.22, subsequently identified as
the [M+H]+ of IPNamide). Post-hoc analysis of m/z
1203.6 suggested detection of this isotope distribution was
significantly reduced in the PDF overexpressing condition.
In the second full profiling experiment performed, spectra
were acquired from 9 WT, 7 PDF-null, and 9 PDF
overexpressing flies, with only two isotope distribu-
tions being significantly different, the [M + H]+ of PDF
(Bonferroni-adjusted p-value = 0.0097) and the [M+K]+
of PDF (Bonferroni-adjusted p-value = 0.0043). The
significance of the difference in the unidentified m/z
1203.6 was not replicated in this experiment (Bonfer-
roni-adjusted p-value = 0.1142, see Additional file 2:
Table S1 for full results of statistics from both experi-
ments). Post-hoc analysis of the PDF isotope distribu-
tions in this experiment again confirmed that PDF was
detected at distinct levels across the three conditions
in the expected order.
To further evaluate the general reproducibility of
this method, the correlation between intensities ofisotopically resolved ion signals detected in both experi-
ments was examined. Focusing specifically on the four-
teen ion signals later confirmed by MS/MS to be
neuropeptides (see next subsection), the correlation be-
tween replicates of the mean intensities of these signals
within the WT condition was high, with R2 = 0.969
(Pearson correlation, Figure 3). In the other two experi-
mental conditions, the correlation between experiments
was still generally high, with R2 = 0.894 for the PDF-null
condition and R2 = 0.871 for the PDF overexpressing
condition (Additional file 2: Table S2). Expanding this
analysis out to all 52 isotopically resolved signals ob-
served in both experiments, the correlation was gener-
ally high in each condition, with R2 = 0.957 for the
WT condition, R2 = 0.848 for the PDF-null condition,
and R2 = 0.914 for the PDF overexpressing condition
(Additional file 2: Table S3).
Neuropeptide PDF was potentially detected as both an
[M +H]+ at m/z 1972.0 and an [M + K]+ at m/z 2010.0
(as well as a [M +Na]+ at m/z 1994.0, which was not full
resolved in the total average spectrum but is clearly
present in the PDF overexpressing condition, marked by
an asterisk in Figure 2). While both the [M +H]+ and
[M + K]+ were found to be reproducibly significantly dif-
ferent between the three genotypes examined, the ratio
of the relative intensities of these two forms of PDF ions
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particular, we evaluated the correlation between the in-
tensities of the [M +H]+ and [M + K]+ of neuropeptide
PDF within experiments (Additional file 2: Table S4). In
the second experiment, there was a high correlation be-
tween the [M+H]+ and [M+K]+ of neuropeptide PDF in
both the WT and PDF overexpressing conditions (R2 =
0.957 and 0.951, respectively). There was no correlation
between the [M+H]+ and [M+K]+ signals in the PDF-
null samples from the second experiment (R2 = 0.022) as
would be expected given there should be no actual PDF
signal in those samples. In the first experiment, however,
while there remained a strong correlation between
the [M + H]+ and [M + K]+ signals in the WT samples
(R2 = 0.802), there was very low correlation between
the [M + H]+ and [M + K]+ within the PDF overex-
pressing samples (R2 = 0.110), suggesting that perhaps
residual potassium was unevenly distributed amongst
samples in this experiment. Despite this inconsistency
in the relative abundance of the potassium adduct of
PDF compared with the [M + H]+, the differences inFigure 4 MS/MS-based identification of PDF, CAP-3, SIFamide, and a
fly brains. MS/MS major peak assignments and corresponding sequence
asterisk denotes the precursor ion. y-type ions are shown in dark blue. b
and denoted by the one letter symbol of their respective amino acid fo
and denoted by their amino acid sequence. Similar results were obtainePDF levels between genotypes examined in this ex-
periment were substantial enough to be detected whether
either ionized form of PDF was considered. However, as
this is a potentially confounding source of variability, it
is important to consider whether detected changes in
ion signal may be due shifts to different adduct ions,
potentially from biases introduced during sample prep-
aration such as inconsistent washing with ammonium
bicarbonate.
MS/MS analyses confirm many ions detected are
neuropeptide including three novel identifications
After utilizing MALDI-TOF MS profiling to identify dif-
ferences in particular ions, the next logical step would
be to identify what those ions are, preferably without
additional sample preparation. Indeed, MALDI-TOF/
TOF MS/MS data obtained using this sample prepar-
ation permitted identification of multiple neuropep-
tides, including PDF (Figure 4, Table 1). This was reassuring
given that one concern might have been that the ions we ob-
served were not in fact neuropeptides, but rather, fornovel NPLP1-derived peptide, NPLP1-2 (DPK peptide), from single
tags for: A, PDF; B, CAP-3; C, SIFamide; D, NPLP1-2 (DPK). Light blue
- and a-type ions shown in red. Iminium ions are shown in green
llowed by an asterisk. Internal fragments (b-y) are shown in green
d in duplicate and triplicate analyses.






Peptide name Peptide sequence Previous ref.
925.481*
(925.436)
FMRF_DROME PDNFMRFamide R.PDNFMRFa.G [1,2,7,9,30]
974.592
(974.589)
SNPF_DROME RLRF peptide 2 R.SPSLRLRFa.G [1,2,9,18,19,30]
1182.578
(1182.573)
FMRF_DROME DPKQDFMRFamide (FMRFamide 2) R.DPKQDFMRFa.G [1,2,7,9,19,30]
1247.658
(1247.653)
NEMS_DROME Dromyosuppressin (TDVDHVFLRFamide) R.TDVDHVFLRFa.G [1,2,7,9,18,19,30]
1395.748
(1395.753)
Q59E62_DROME SIFamide (IFa-1) A.AYRKPPFNGSIFa.G [1,2,9,18,19]
1430.745
(1430.754)





































Listed are D. melanogaster neuropeptides identified in this study. The final three listings are believed to be novel. Reported observed m/z’s are the average of the
m/z’s observed between the two replicate experiments MALDI-TOF MS experiments described. All observed m/z’s listed were determined to be monoisotopic
[M + H]+’s of listed neuropeptides based on the calculated monoisotopic [M + H]+ (shown in parentheses below observed m/z). Truncated peptides are denoted
by superscripts showing amino acids present from the annotated peptide sequence (i.e. NPLP1-3AA1-AA18 is missing the final three residues of the annotated NPLP1-3
sequence, also shown). Peptide sequences include pre- and post- cleavage residues separated from sequences by a period. C-terminal amidation is denoted
by an “a” at end of the peptide sequence. Abbreviations are listed in Table 2 legend. *m/z 925.481 likely corresponds to the convolution of PDNFMRFamide
(monoisotopic [M + H]+ = 925.435) and Drostatin-3 (Ast-A3, monoisotopic [M + H]+ = 925.489, see Table 2), which were detected as separate peaks with
MALDI-FTICR-MS (Figure 6), hence the comparatively larger m/z error.
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teins. The rapidity of this sample preparation, preserv-
ing labile biomolecules, may be one reason we do not
have this problem. In-source/post-source decay could
also yield ions that obscure neuropeptide detection.
Thus far, however, none of the 14 molecular ions ana-
lyzed by MS/MS appear to result from the breakdown
of larger molecules during MS analysis.
Among identifications obtained were three previously
predicted but unconfirmed peptides originating from the
neuropeptide-like precursor 1 gene (NPLP1, Figure 5).
Included in these identifications were two variants of the
predicted NPLP1-3, without and without a C-terminal
GAE (with the peptide lacking GAE being C-terminally
amidated), and a peptide corresponding to the pre-
dicted NPLP1-2 but with a C-terminal lysine intact(NIATMARLQSAPSTHRDPK, or following previous
convention, DPK peptide for short). It is possible the una-
midated, glycine-extended NPLP1-3 (NVAAVARYNSQH-
GHIQRAGAE) is a precursor to the truncated and
amidated variant (NVAAVARYNSQHGHIQRAa, or
QRAamide), which may be the functional form of this
peptide [31,32]. Four other peptides derived from
NPLP1 have been detected previously [1,7,33]. We also
identify three of these, IPNamide, MTYamide, and
VQQ, using MS/MS and tentatively assigned the fourth,
APK peptide (measured monoisotopic m/z 1423.814/the-
oretical 1423.827). While the VQQ peptide of NPLP1
(NPLP1-4) has been identified as a ligand for receptor
guanylate cyclase Gyc76C, serving a role in modulating
the innate immune IMD pathway in response to salt stress
[20], precise functions for the remaining NPLP1-derived
Figure 5 NPLP1 sequence with peptides identified in this study
and/or previously. In blue are three peptides (MTYamide, IPNamide
and VQQ), which were identified both previously and in this study
with MALDI-TOF/TOF MS/MS. In purple are the regions containing
three novel molecules we detected and identified. One peptide we
identified corresponded to the predicted NPLP1-2, which we detected
with an intact C-terminal lysine (DPK peptide), marked “K” in red. Also
identified were two distinct peptides corresponding to the predicted
NPLP1-3, with (GAE) and without (QRAamide) a C-terminal GAE
sequence marked in red. The NPLP1-3 variant without the GAE
fragment was observed to be amidated (QRAamide). We also detected
and tentatively assigned, but not identified by fragmentation, an ion
mass corresponding to the peptide outlined in orange, which has
been reported with (as APK peptide) and without (as NAP peptide) a
C-terminal K (marked in red). Our tentative assignment corresponded
to the peptide with C-terminal K intact. Dibasic residue cleavage sites
are shown underlined and bolded. Additional peptides that have been
predicted but not identified are not explicitly highlighted.
Figure 6 High resolution MALDI-FTICR MS resolves neuropeptides
PDNFMRFamide and Drostatin-3 (Ast-A3), convoluted in MALDI-TOF
mass spectra. Through the use of MALDI-FTICR MS, we were able
to resolve m/z 925.481 from the MALDI-TOF MS (top) as being the
convolution of two neuropeptides. PDNFMRFamide, identified by
MALDI-TOF/TOF MS/MS fragmentation, was observed in MALDI-FTICR MS
(bottom) as 925.43564 (theoretical monoisotopic [M+H]+ = 925.43594).
A second peak at m/z 925.49004 was tentatively assigned to correspond
to Drostatin-3 (Ast-A3, calculated [M+H]+ = 925.48994).
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changes in these peptides in response to various D. mela-
nogaster experimental paradigms will hopefully provide
insight into their potential significance.
Curiously, m/z 925.481, determined by MALDI-TOF/
TOF MS/MS to be PDNFMRFamide (monoisotopic
[M + H]+ = 925.435) was of a slightly higher mass error
(50 ppm) compared with other identified peaks (aver-
age mass error = 4 ppm). Subsequent analysis with
MALDI-Fourier transform ion cyclotron resonance
(FTICR) MS, which has substantially higher resolving
power compared with MALDI-TOF MS, confirmed this
peak was actually a convolution of PDNFMRFamide and a
peak tentatively assigned as Drostatin-3 (Ast-A3, mono-
isotopic [M +H]+ = 925.489, Figure 6), hence the com-
paratively larger m/z error. Including Drostatin-3, 30
additional molecular ions observed in at least someMALDI-TOF profiling spectra have been tentatively
assigned by mass matching to be neuropeptides (Table 2).
Of these 30 molecular ions, 19 were abundant enough to
be detected (using our stringent deisotoping criteria) in
both experiments presented here. This implies that per-
haps at least 63% of the molecular ions detected in our
MALDI-TOF MS profiling experiments are neuropeptides
[(14 neuropeptides detected in both experiments identi-
fied with MS/MS + 19 additional peaks detected in both
experiments tentatively assigned to neuropeptides)/52 iso-
topically resolved ion signals detected in both experi-
ments], suggesting this method is highly specific for this
type of biomolecule.
Conclusion
We acknowledge the rigor of isotopic labeling-based ap-
proaches to quantitative mass spectrometry and are














ALLS_DROME Drostatin-3 (Ast-A3) R.SRPYSFGLa.G [1,2,7,9,18]
936.463
(936.473)
TACHY_DROME TK-3 (dTK-3, APTGFTGMRamide) R.APTGFTGMRa.G [1,2,18]
942.584
(942.589)
TACHY_DROME TK-2 (dTK-2, APLAFVGLRamide) K.APLAFVGLRa.G [1,2,18]
953.529
(953.521)
ALLS_DROME Drostatin-1 (Ast-A1) R.VERYAFGLa.G [9,18]
961.486
(961.504)













SNPF_DROME RLRF peptide 2 R.SPSLRLRFa.G [1,2,9,18,19,30]
1005.557
(1005.512)
FMRF_DROME SAPQDFVRSamide (FMRFamide 12) R.SAPQDFVRSa.G [9,19,30]
1015.603
(1015.605)
CP2B_DROME CAP-2 (CAPA-2) K.ASGLVAFPRVa.G [1,2,7,9,30]
1065.560
(1065.552)
TACHY_DROME TK-1 (dTK-1, APTSSFIGMRamide) R.APTSSFIGMRa.G [1,2,9,18]
1076.560
(1076.568)
TACHY_DROME TK-4 (dTK-4, APVNSFVGMRamide) R.APVNSFVGMRa.G [1,2,9,18,19]
1112.529
(1112.520)
FMRF_DROME TPAEDFMRFamide (FMRFamide 7) R.TPAEDFMRFa.G [1,2,7,9,19,30]
1157.554
(1157.549)
CORZ_DROME CorazoninAA3-AA11 T.FQYSRGWTNa.G [1,2,30]
1161.551
(1161.558)
AKH_DROME AKH Peptide (+ C-term GK) C.pQLTFSPDWGK.R [9,19,30]
1186.538
(1186.511)
DSK_DROME Drosulfakinin-1 (DSK-1) R.FDDYGHMRFa.G [9,19]
1253.616
(1253.617)
MIP_DROME Drostatin-B5 (Ast-B4) R.DQWQKLHGGWa.G [1,2,7,18,19]
1276.696
(1276.680)
ALLS_DROME Drostatin-4 (Ast-A4) R.TTRPQPFNFGLa.G [1,2,7,9,18,19]
1294.681
(1294.673)
CP2B_DROME CAP-1 (CAPA-1) R.GANMGLYAFPRVa.G [1,2,7,9,30]
1324.727
(1324.717)
Q59E62_DROME IFa-2 A.YRKPPFNGSIFa.G [19]
1329.786
(1329.787)
SNPF_DROME RLRF peptide 1 K.AQRSPSLRLRFa.G [9,18,30]
1369.644
(1369.629)
CORZ_DROME Corazonin (Crz Peptide) G.pQTFQYSRGWTNa.G [1,2,7,9,19,30]
1423.814
(1423.827)





CP2B_DROME CAP-3AA2-AA15 T.GPSASSGLWFGPRLa.G [1,2,9,19,30]
1603.841
(1603.835)
MIP_DROME Drostatin-B3 (Ast-B3) R.RQAQGWNKFRGAWa.G [9,18,19]
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DSK_DROME Drosulfakinin-2 (DSK-2) R.GGDDQFDDYGHMRFa.G [9]
1741.940
(1741.962)
LCK_DROME Leucokinin (DLK) R.NSVVLGKKQRFHSWGa.G [1,2,7,9,19,30]
2009.982*
(2009.973*)
PDF_DROME Neuropeptide PDF R.NSELINSLLSLPKNMNDAa.G [19]
2176.201
(2176.188)
CP2B_DROME CAP Propeptide 3 R.GDAELRKWAHLLALQQVLD.K [30]
Ion masses observed to be isotopically resolved in both replicate experiments are underlined and bolded. As in Table 1, these reported observed m/z’s are the
average of the m/z’s observed between the two replicate MALDI-TOF MS profiling experiments described. Truncated peptides are denoted by superscripts
showing amino acids present from the annotated peptide sequence as described in Table 1. Peptide sequences include pre- and post- cleavage residues separated
from sequences by a period. *All observed m/z’s listed are predicted to be monoisotopic [M+ H]+’s of listed neuropeptides based on the calculated monoisotopic
[M+ H]+ (shown in parentheses below observed m/z) with the exceptions of m/z of m/z 996.572 and 1452.736 are [M + Na]+’s and m/z 2009.982 is an [M + K]+.
C-terminal amidation is denoted by “a”, N-terminal pyroglutamation is denoted by “p”. Abbreviations: Ast – allatostatin, AKH – adipokinetic hormone,
CAP - Cardioacceleratory peptide, NPLP1 - Neuropeptide-like precursor 1, PDF - Pigment-dispersing factor, sNPF-Small neuropeptide F, TK - Tachykinin-related peptide.
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quantification (i.e. differences in ionization efficiency
of analytes, ion suppression effects, etc.). These not-
withstanding, there are numerous examples of label-free
MALDI-TOF MS-based methods providing informative
semi-quantitative results [34-36]. Indeed, MALDI-TOF
MS neuropeptide peak detection alone has been sufficient
to distinguish particular cell types and tissues in Drosoph-
ila [6,19]. Given the benefits of MALDI-TOF MS in terms
of relative instrument expense and maintenance, as well
as the ease of sample preparation and data acquisition,
MALDI-TOF MS, even in instances when isotopic label-
ing is prohibitive, can serve as a valuable discovery tool,
particularly when discovery of relatively more pronounced
differences is an acceptable achievement (as opposed to
absolute quantification). Here we present a rapid, label-
free MALDI-TOF MS-based method and data analysis
workflow that permits detection of differences in specific
neuropeptides amongst a panel being monitored, using
individual D. melanogaster brains as sample points.
The described MATLAB-based preprocessing work-
flow and statistical analysis is compatible with other
MALDI-TOF MS sample preparation techniques, in-
cluding those previously described by other groups
that have obtained spectra of excellent quality using
other D. melanogaster tissues, including more specific
D. melanogaster brain regions such as the antennal
lobe [18] and individual cells [6]. The relatively straight-
forward sample preparation method described here was
sufficient to enable both detection of distinct levels of
neuropeptide expression, as well as identify previously un-
confirmed neuropeptides. Similar to other discovery-based
methodologies, we strongly recommend differences in ion
intensities detected with the described technique be vali-
dated by an independent method (such as more quantita-
tive MS and/or immuno-based methods). However, we
believe this validation effort is worth the additional time
given the relative ease of the initial discovery procedure.Methods
Fly stocks
D. melanogaster were reared on standard medium and
raised under 12:12-hour light–dark conditions at 25°C.
Flies were dissected between one to three hours after
lights-on (two hour window centered at Zeitgeber time
2) when PDF expression levels are high [37]. The pan-
neuronal elav-GAL4 driver line was Bloomington stock
#8760 (Bloomington Drosophila Stock Center at Indiana
University, Bloomington, IN, USA).
Generation of UAS-Drm-pdf transgenic flies
Full-length D. melanogaster pdf-cDNA (Drm-pdf-cDNA)
was kindly provided by Jeffrey C. Hall [38] and initially
cloned into the pBluescript II SK (+/−) vector. To gener-
ate the UAS-Drm-pdf construct, the Drm-pdf-cDNA was
then subcloned into the appropriate sites of the polylin-
ker of the pUAST vector [26]. The pUAST vector con-
tains a P-element for which the transposase gene has
been replaced by the sequences of the GAL4-specific
UAS, the hsp70 TATA-box, the mini-white gene and the
SV40 polyadenylation signal. The construct has been
confirmed by direct sequencing using vector specific
primers. Transgenic flies were generated by germline
transformation following standard protocols. Briefly, the
pUAST-Drm-pdf-cDNA construct and the transposase
gene-containing helper plastmid pUChsΠΔ2-3 [39] were
co-injected into Drosophila w1118 embryos using stand-
ard injection protocols. Two homozygous transgenic fly
lines with different chromosomal localization of the con-
struct (line no. 77: III chromosome) were obtained.
D. melanogaster brain dissection and on-target extraction
Flies were dissected in a modified insect dissection saline
(NaCl 7.5 g/L, KCl 0.2 g/L, CaCl2 0.2 g/L, NaHCO3
0.1 g/L; pH 7.2) [6] and a single dissected fly brain was
transferred with non-locking forceps (Dumont Tweezers
#5, 11 cm, 0.025 × 0.005 mm tip, World Precision
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dissecting saline was removed during the transfer of the
brain. While the brain was still on the forceps, the for-
ceps were touched about 2 mm from the fly brain in
the void space between the two arms of the forceps,
using a KimWipe™ paper (Kimberly-Clark Worldwide,
Inc.), which wicked away excess liquid. An on-target
wash of 1.0 μL of 100 mM ammonium bicarbonate was
performed using a pipettor to add and aspirate the solu-
tion. 0.5 μL of 10 mg/mL CHCA in 50% (v/v) acetonitrile,
0.1% (v/v) formic acid was then directly pipetted onto the
brain and allowed to dry before MALDI-MS analysis.
MALDI-TOF MS analysis of single dissected fly brains
Mass spectra were acquired on a microflex MALDI-TOF
mass spectrometer (Bruker Daltonics Inc., Billerica, MA)
equipped with a 337 nm N2 laser. Positive ion mass
spectra were acquired from 500m/z – 4000m/z in
reflectron mode. The acceleration voltage was set at
20 kV and the pulsed-ion extraction was set at 200 ns.
One thousand laser shots were acquired for each spectrum.
External mass calibration was achieved using a standard
peptide mixture of Angiotensin I and II, Substance P, Renin
Substrate, and ACTH (Bruker Daltonics Inc.). The exter-
nally calibrated mass accuracy of the instrument was ap-
proximately 100 parts-per-million (ppm) at m/z 1500.
MALDI-TOF/TOF MS/MS analysis for identification of
detected peptides from single brain on-target extraction
sample preparation
Fragmentation spectra were acquired in LIFT mode on
an autoflex III and an ultraflex III MALDI-TOF/TOF
mass spectrometer (Bruker Daltonics Inc., Billerica, MA).
MS spectra were acquired in positive ion and reflectron
modes. For MS/MS analysis, the source acceleration volt-
age was set to 8.0 kV and the reflectron voltage was set to
29.5 kV. Mass spectra were acquired with approximately
3000 laser shots summed in 200 to 400 shot increments.
External mass calibration was achieved using a standard
peptide mixture of Angiotensin I and II, Substance P,
Renin Substrate, and ACTH (Bruker Daltonics Inc.). The
external calibration mass accuracy of the instrument was
approximately 20 ppm in MS mode and <400 ppm in
LIFT (MS/MS) mode. MS/MS spectra were not internally
calibrated. All spectra were processed with FlexAnalysis
software (Bruker Daltonics Inc.).
Individual fly brain MALDI-TOF MS profiling data processing
and statistical analysis
For preprocessing and statistical comparison of the rela-
tive abundance of PDF from MALDI-TOF profile spec-
tra, all spectra obtained were first realigned by internal
calibration using a mass list of neuropeptides we identi-
fied with MALDI-TOF/TOF MS/MS that were typicallyobserved in our profile spectra. Internally calibrated
spectra were exported to a plain text, two-column (m/z
sampling points and corresponding intensities) ASCII
format so they could be loaded into MATLAB 2013a
(Mathworks, Natick, MA, USA). The msresample func-
tion in the MATLAB Bioinformatics Toolbox was used
to resample internally calibrated spectra to a uniformly-
spaced common set of m/z axis values.
Spectra from the two repeat experiments were analyzed
separately. Spectra were denoised [40] in MATLAB using
the undecimated discrete wavelet transform (UDWT)
found in the Rice Wavelet Toolbox (http://www.dsp.ece.
rice.edu/software/rwt.shtml) with a Daubechies’ scaling fil-
ter of length 8, soft thresholding applied, and the thresh-
olding of low pass components enabled. Spectra were
then baseline subtracted using the msbackadj function in
the MATLAB Bioinformatics Toolbox with the default
settings for this function. A total average spectrum of the
denoised/baseline-subtracted spectra across all analyzed
samples (including across conditions) within an experi-
mental repeat was calculated. The total average spectrum
was then normalized to its greatest value (i.e. the base
peak). The mspeaks function from the MATLAB Bioinfor-
matics Toolbox was then used to identify peaks from the
total average spectrum, with the HeightFilter option of the
mspeaks function set to “0.01”, so that only local maxima
of the total average spectrum with intensity greater than
1% of the total average spectrum’s base peak are identified
as peaks. When applying the mspeaks function, the left
and right m/z locations of the full width at half height
(FWHH) limits for each identified peak in the total aver-
age spectrum was specified to be returned. These values
were used to establish peak bins.
Individual denoised and baseline-subtracted spectra
were additionally normalized by dividing each point in
the spectrum by the sum of all intensities in the
spectrum after denoising and baseline subtraction (i.e. a
total ion current normalization, although we avoid the
term here to specify total area under the spectrum is taken
after denoising and baseline-subtraction). Peak bins from
the total average spectrum were used to query across each
spectrum being analyzed, with the maximum value in
each peak bin returned for each spectrum. This reduced
the set of all spectra being processed into a single n ×m
matrix, the entries of one dimension representing the n
peaks found by mspeaks and the entries of the second di-
mension corresponding to the m spectra being analyzed.
Intensity values taken from certain peak bins were fur-
ther added together by combining peak bins that corre-
sponded to isotope distributions of the same singly
charged ion. Criteria for combining peak bins corre-
sponding to the same isotope distribution required that
at least three peaks be detected with centroided m/z’s
differing by 1 ± 0.03, with the peak corresponding to the
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abundant ion mass in the total average spectrum for dis-
tributions less than 1700m/z and the second peak in a
distribution always having to be more abundant than the
third and fourth peak in the total average spectrum.
Series of peaks meeting this criteria were assigned as
“isotopically resolved”.
Non-parametric statistical analysis (Kruskal-Wallis one-
way ANOVA) was performed in MATLAB, comparing
the sum of the maximum intensities of isotopically re-
solved distributions in each spectrum across the three
fly strains being analyzed. The p-value obtained from
Kruskal-Wallis one-way ANOVA for each isotopically
resolved distribution was adjusted using a simple
Bonferroni correction based on the total number of
isotope distributions being statistically compared so
that a significance level of α = 0.01 could be used des-
pite multiple comparisons. Tukey’s least significant dif-
ference procedure (α = 0.05) was used as a post-hoc
analysis to evaluate differences between conditions of
isotopically resolved peaks found to be significantly
different in the ANOVA analysis.
MALDI-TOF MS/MS data processing for neuropeptide
identification
MALDI-TOF/TOF MS/MS fragmentation spectra were
exported to the FlexAnalysis software for batch prepro-
cessing consisting of top-hat baseline subtraction;
smoothing with four, width 0.15 m/z, Savitzky-Golay cy-
cles; and peak picking using the SNAP algorithm with
averagine molecular composition. All MS/MS spectra were
combined and exported from FlexAnalysis as a single Mas-
cot (Matrix Science Inc., London, England) generic file
(*.mgf ). The mgf file was submitted to an in-house
Mascot server (version 2.2.07) for putative peptide identi-
fication using a 0.15 Da cutoff for precursor and a 0.5 Da
cutoff for MS/MS peaks. Spectra were searched against
the SwissProt 56.0 database with taxonomy specified as
Drosophila (including 5357 protein sequences). Parame-
ters for the Mascot search included enzyme specified as
“none”, and variable modifications (C-terminal amidation,
N-terminal pyroglutamic acid modification, methionine
oxidation, and tyrosine sulfation) were considered. FlexA-
nalysis preprocessed MS/MS data were also moved to the
BioTools software program (Bruker Daltonics Inc.) for
manual confirmation of Mascot’s peptide assignments. A
putative ID was considered confirmed when at least 3
consecutive b- or y-ions were observed, and in addition,
the majority of MS/MS peaks were assigned. Although
Mascot is tuned for protein-, not peptide-level identifica-
tion (its significance scores at the peptide level are conser-
vative), further confirmation came from the Mascot
scoring algorithm in the form of a peptide score, peptide
rank, and expectation value. For example, 13 of the 14manually confirmed peptide identifications were also the
highest ranking peptide from the Mascot search, and
six of the 14 manually assigned peptides had Mascot
Scores in the statistically significant range for protein
identification.MALDI-FTICR-MS
MALDI-Fourier transform ion cyclotron resonance
(FTICR)-MS was performed on an Apex Qe ultra 7
Tesla MALDI-FT-ICR mass spectrometer (Bruker
Daltonics Inc., Billerica, MA). Mass spectra were col-
lected in positive ion mode. The external mass accur-
acy of the instrument was approximately 20 ppm.
After internal calibration, mass accuracy ranged from
0–2 ppm with a mean value of 0.5 ppm. Mass calibra-
tion was achieved using a standard peptide mixture of
Angiotensin I and II, Substance P, Renin Substrate, and
ACTH (Bruker Daltonics Inc.). Spectra were processed
with DataAnalysis software (Bruker Daltonics Inc.).Additional file
Additional file 1: Figure S1. On-target extraction provides spectra
with greater signal-to-noise and more peaks from the region surrounding
the tissue, as opposed to acquiring spectra directly from the tissue.
A) Acquiring spectra from directly over the deposited D. melanogaster
brain (shown at the center of the crosshair encircled in red) did not
provide quality spectra reliably. Rather, the region outside the red circle,
which made up the visible matrix spot encircled approximately in orange,
was where the best signal was obtained. B) Shows the same regions
encircled with the crosshairs positioned over an area representative of a
region that provides high and varied ion signal in the peptide
mass range.
Additional file 2: Table S1. This file contains supporting material,
including the following tables. A complete list of isotopically resolved ion
masses detected in either experiment (with neuropeptide assignments
when possible), intensity means with standard deviations calculated
within each group for each of these ion masses, and the adjusted p-values
from Kruskal-Wallis ANOVA. Table S2. Correlation between experiments of
fourteen neuropeptides confirmed by MS/MS fragmentation. Table S3.
Correlation between experiments of all isotopically resolved ion signals
observed in both experiments. Table S4. Correlation between [M + H]+
and [M + K]+ of neuropeptide PDF within experimental conditions for both
repeat experiments. Format: XLSX (Excel Spreadsheet); Size: 45 KB.
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